Water mixing affects aquatic ecosystem processes by regulating the interactions between water masses such as delivering nutrient-rich water to depleted areas. Physical processes, such as winds or tides, are primarily responsible for mixing effects in shallow coastal systems, but the sheltered flats adjacent to mangrove habitats experience very low turbulence and vertical mixing. The significance of animal biogenic mixing in open ocean habitats is unclear, but in this study we explore the role of the upside-down jellyfish Cassiopea sp., with respect to biogenic contribution to water column mixing in shallow, sheltered habitats. The mixing contribution was determined by means of high definition Particle Image Velocimetry (PIV) in both the laboratory and in the natural environment. Cassiopea sp. was found to continuously pump water from the benthos upward in a vertical jet with flow velocities in the range of 1 to 2 cm s -1 . The volumetric flow rate was found to be 212 l h -1 for average sized animals (8.6 cm bell diameter), leading to a water column turnover rate of about 15 minutes for a median population density (29 animals m -2 ). In addition, Cassiopea sp. were responsible for release of porewater into the water column at an average rate of 2.64 ml h -1 . This release of benthic porewater, which is often nutrient-rich, in conjunction with the increase in water column mixing, suggest a role for Cassiopea sp. as an ecosystem engineer in mangrove habitats.
M angroves provide many ecosystem services, including control of flooding, sedimentation, and nutrient input in surrounding areas (1) . In addition, mangroves act as critical nursery habitat for larvae of a wide range of commercially or ecologically important species of fish and crustaceans (2, 3) and as habitat for adults of many others (3) . Biogenic mixing may be of particular importance in mangrove ecosystems, as these habitats experience comparatively little physical mixing due wind or tidal flow (4) . Since water mixing regulates ecosystem processes such as productivity (5) and benthic-pelagic coupling (6) by altering nutrient availability, prey encounter rate, and gas exchange, it is important to understand the major sources of mixing in aquatic environments. Mixing forces can be environmental, such as wind or tides, or they can be biotic in origin. The growing field of biogenic mixing in the marine environment has explored the potential contributions of several taxa, including pelagic jellyfish, fish, and krill in the water column (7, 8) , and bivalves in the benthos (9) . While the primary source of turbulent mixing in shallow coastal ecosystems is wind-driven wave action (10) , mangrove ecosystems provide shelter from wind and waves, as well as dampen mixing from tidal currents, which tend to run primarily in deeper channels within mangrove ecosystems. Therefore, physical mixing is naturally low in Cassiopea sp. habitat, implying that animal-mediated mixing could have substantial impacts on the local environment.
The upside-down jellyfish, Cassiopea sp., has a nearly circumtropical distribution (11) . They are found in shallow, low energy coastal environments, often dominated by the red mangrove, Rhizophora mangle (12) and have been observed at high densities up to 31 animals m -2 or 20% benthic coverage (13) . Not only is their natural range extensive, but it has further spread as an invasive species due to anthropogenic introduction (14) (15) (16) and natural range expansion, possibly due to rising ocean temperatures (15) . In addition, it appears that Cassiopea sp. size and abundance have increased near anthropogenically disturbed habitats, where nutrients tend to be elevated (17) .
Unlike other jellyfish, Cassiopea sp. exhibit a benthic lifestyle, laying with their bell on the substrate and oral arms facing up into the water column. They pulse their bells nearly continuously producing a vertical jet that has been previously documented (18) (19) (20) , but not fully described and thus the ecological implications of this flow have not been addressed.
There is normally a downward flux of nutrients in sheltered coastal environments (21) . therefore, an upward pump such as the one created by Cassiopea sp. may serve to increase nutrient levels in the water column by preventing settling of detritus (5) as well as by directly moving interstitial water into the water column (20) , potentially altering local productivity.
In this study, we quantify the large scale flow features of
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Results
Field Population. At our study site in the Florida Keys, USA, the density of the studied population of Cassiopea sp. ranged from 3 to 97 animals m -2 , with a median density of 29 animals m -2 ( fig. 2 ). The sizes of these animals followed a Poisson distribution (fig. S1, Chi-Squared Test for Independence, p < .001) with a mean of 11.3 cm oral arm diameter (OAD). Since there is a linear relationship between OAD and resting bell diameter (RBD) ( fig. S2 , eq. 1 , n = 50, R 2 = 0.9), the mean RBD, weighted by frequency, can be estimated as 8.6 cm. The largest animal observed was 30 cm OAD (20.7 cm RBD). Based on morphological measurements of collected animals, animals with the observed average RBD of 8.6 cm can be assumed to have a wet weight of 56.5 g ( fig. S2 , eq. 2, n = 50, R 2 = 0.99) and a dry weight of 3.2 g ( fig. S2 , eq. 3, n = 31, R 2 = 0.98). These measurements will be considered to be an average animal.
Quantitative Description of the Vertical Jet. Particle Image Velocimetry (PIV) was performed on 9 Cassiopea sp. ranging in size from 4.8 cm -14.5 cm RBD. Analysis of the shape of the jet produced by these animals showed that the jet diameter (Dj), relative to resting bell diameter (RBD), spreads linearly as height (Z) increases, ( fig. S2 , eq. 4, R 2 = 0.64). Maximum velocity showed the expected inverse relationship with height ( fig. S2 , eq. 5, R 2 = 0.33). Velocity at a height of 0 was roughly 20 mm s -1 regardless of bell diameter, but the rate of slowing decreased for larger animals. We can extrapolate upwards and find that, for the average animal (RBD = 8.6 cm) in the absence of other effects, the Flux and Turnover Time. At a distance of two bell diameters above the animals, vertical velocity was found to be independent of bell diameter, as was expected from the observation of jet shape. Because jet diameter was found to correlate directly with bell diameter, and velocity was independent of bell diameter, vertical flux of water (Q) was found to follow a power law function relative to resting bell diameter, with a power of 2.23 ( fig. 2a ; fig. S2 , eq.6, n = 9, R 2 = 0.74). The relationship can also be expressed as weight-specific flux (F) in terms of dry weight ( fig. S2 , eq. 7). The average Cassiopea sp. moves 212 l h -1 of seawater, a mass-specific volumetric flow rate of 62.9 l h -1 g -1 dry weight (DW), with the smallest animals producing 200 to 600 l h -1 g -1 DW, indicating an allometric scaling process.
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( field population in the Florida Keys, at the median density of 29 animals m -2 , each animal will have an average of 1.23 neighbors ( fig. S2 , eq. 9). Assuming a water depth of 1 meter, which was fairly typical at the field site, the turnover time for the water column can be calculated for varying population densities by dividing the water volume by the sum of the fluxes of the animals on the bottom under that volume. A single animal would turn over this water column in 4.7 hours. At the observed median population of 29 animals m -2 the resulting flux is 3980 l h -1 , and the calculated turnover time is reduced to 15 minutes. Turnover time decreases as population density increases to a minimum of 11.8 minutes at a density of 64 animals m -2 ( Fig. 2c) In Situ Flow Measurement. In the Lido Key site, measurements of flow in habitat occupied by Cassiopea sp. using an Nortek Vector Acoustic Doppler Velocimeter demonstrated that Cassiopea sp. increase vertical transport of water in these habitats. Mean vertical velocity increased from 2.1 mm s -1 in the absence of jellyfish to 3.3 mm s -1 directly over patches of jellyfish ( Fig. 2d ).
Interstitial Water Release. Fluorescein concentrations increased visibly in the trials that included a jellyfish but not in controls. The average flow attributed to a single jellyfish, normalized to an RBD of 8.6 cm, amounted to 2.64 ml h −1 of interstitial water released into the water column ( Fig. 3 ), while trials without jellyfish had no fluorescein release. The flow rate in the presence of jellyfish was found to vary significantly from zero (1-Sample t-test, p = 0.0055). Interstitial water release rate increased linearly with bell diameter. (Fig. 3 , n = 9, R 2 = 0.3622)
Discussion
In most coastal ecosystems, wind and tidal flow are the primary mixing forces (10) . However, the systems inhabited by Cassiopea sp. are sheltered by dense stands of Rhizophora mangrove trees, reducing wind-water interaction in these lagoons and estuaries. In addition, Cassiopea sp. dwell outside of the tidal streams, where most tidal flushing in these habitats occurs (4), residing rather on the adjacent flats. Together, these two habitat features result in a system with fig. 2d ) which was nearly an order of magnitude lower than previously reported measures of 4x10 -4 m 2 s -2 (30) . This confirmed that environmental flow conditions in Cassiopea sp. habitat were both low, with little mixing. As such, the cumulative effect of a population of Cassiopea sp. has the potential to provide a large contribution to mixing, relative to non-biogenic factors, which may have important ecological implications.
Our estimates show that given the observed slowing rate ( fig. S2 , eq. 5), the average animal could produce a jet on the order of several meters tall, which will affect the entire depth of the water column (0.5 m to 2 m) in the shallow system where Cassiopea sp. occur. This mixing contribution is higher than is observed in other species (Table 1 ). Our results indicate that an individual average-sized animal can move 212 l h -1 of seawater upward in its vertical jet ( Fig.  2a ). After factoring in the effect of neighboring animals, our model predicts that the median population density observed in our field site (29 animals m -2 ) can turn over a 1 m deep column every 15 minutes ( fig. 2c ). By comparison, the mussel M. edulis has been observed to move 6.4 -11.9 l h -1 (9) , which is far below the rates measured in Cassiopea sp.
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filtration rates can also be compared (table 1). The eastern oyster Crassostrea virginica moves 6.4 l h -1 g -1 dry weight (23) . Cassiopea sp. in this study exhibited volumetric flow rates over 10 times those of C. virginica by dry weight. Therefore, per square meter of benthos, Cassiopea sp. act as much more effective water pumps than do bivalves. Weight-specific filtration rates have also been calculated for the tunicate Ciona intestinalis, at 24 l h -1 g -1 dry weight (28) . This puts the pumping rate of tunicates at a level closer to that of Cassiopea sp., likely due to the fact that it, like Cassiopea sp., has a high water content, its dry weight being 15-20 times less than its wet weight. However, due to the much smaller size of C. intestinalis, they move a lower magnitude of water than Cassiopea sp. overall.
Since pumping rate is known to scale allometrically with size, more meaningful comparisons may be drawn from the shape of the scaling equation that relates volumetric flow rate to body mass. The exponent of this function is roughly 2 3 for Cassiopea sp. (fig. S2 , eq. 7), as for most species, indicating that pumping rate scales with surface area, rather than volume or length (31, 32) , but differences can be seen between Cassiopea sp. and other pumping species in terms of the coefficient of the scaling equation. This study found a coefficient of 96.89 in Cassiopea sp. (fig. S2 , eq. 7), compared to 6.79 in Crassostrea virginica and 7.45 in Mytilus edulis (31) . Since the exponents are comparable, we can conclude that a Cassiopea sp. of a given dry weight will move roughly 10 to 20 times as much water as an equivalently sized bivalve. Added to the fact that Cassiopea sp. can grow much larger than bivalves (up to 30 g DW) we can show that Cassiopea sp. are stronger 'pumps' than the more well-studied bivalves.
Of course, animals such as oysters and mussels can occur at much higher densities than Cassiopea sp. do, but their relatively small individual flow is not fully compensated for in terms of numbers. High densities of over 700 animals m -2 have been reported for Mytilus edulis (33) and Crassostrea virginica (22) . Assuming adult, 50 mm (or 0.3g dry weight (22)) oysters and additive contributions, which is almost certainly an overestimate, this would produce approximately 1176 l h -1 m -2 flow. Using 1.5 g dry weight for an adult mussel (26) and the same assumptions, we calculate a flow of 3443 l h -1 m -2 . Our median population of Cassiopea sp. (29 animals m -2 ) moved 3980 l h -1 m -2 , while the maximum density observed in this study moved 4569 l h -1 m -2 . Thus, Cassiopea sp. populations, despite their lower population densities, are responsible for much greater amounts of water transport than are bivalve reefs.
The tunicate Ciona intestinalis, which has a relatively high weight-specific filtration rate, was found to pump water at rates of 0.1 to 1 l h -1 (27) . This species, which has been recorded at densities of over 1000 individuals m -2 (34), could therefore have a population filtration rate on the order of 1000 l h -1 m -2 , comparable to oysters, but still much lower than Cassiopea sp.İn addition, Cassiopea sp., unlike other biological pumps that are smaller, are capable of producing jets which reach the surface of the water (fig. S2, eq. 5 ).
There are also other ways that Cassiopea sp. populations may alter their environments.
An increase in mixing, especially the upward vertical transport produced by a vertical jet, should lead to a decrease in sedimentation in low-energy habitats. Particulates in mangrove habitat flocculate, increasing particle size, but the low density of these flocs reduces sedimentation rate (35) . Cassiopea sp. themselves may contribute to flocculation by the production of mucus (13) , which traps suspended particles (35) . These particles may be further prevented from settling by addition of mixing energy by Cassiopea sp. increasing turbidity.
Increasing mixing from the bottom up can also impact water column production. For example, a mesocosm study where mixing was initiated close to the bottom, as is the case with Cassiopea sp., found that faster turnover resulted in longer-lasting algae blooms and higher chlorophyll concentrations than at lower mixing rates (36) , likely because of the increased availability of nutrients to phytoplankton cells.
It has been previously demonstrated that Cassiopea sp. can transport interstitial pore water in sediments from several cm deep in the benthos to the water column (20) but volume fluxes were not measured. In Gulf of Mexico sediments, increasing the advective benthic flow produced an increase in denitrification rates (37) so it is possible that Cassiopea sp. can also contribute to increased denitrification. Our results show that an average-sized animal (8.6 cm) would release approximately 2.6 ml h -1 of porewater ( fig. 3 , and the median population of 29 animals m -2 would therefore release 1809.6 ml day -1 . Given that these animals tend to move slowly over the bottom, thereby encountering new sediments regularly, and the reported phosphate and nitrogen concentrations in the sediment (38) at Long Key, Florida, this could release roughly 0.34 mg day -1 m -2 of NO3, 2.35 mg day -1 m -2 of NH4, and 1.03 mg day -1 m -2 of PO4. Since these released nutrients will be mixed into the water column upon becoming entrained in the vertical jets and assuming a 1 m water depth, this represents an increase of 29% in water column NH4, a 6% increase in PO4, and a 0.5% increase in NO3 relative to reported water column nutrient concentrations from these habitats (38) . The addition of the mixing contribution produced by Cassiopea sp. into a habitat with low environmental water mixing, as well as a substantial release of interstitial water leading to an additional source of nutrients in this ecosystem, make it likely that Cassiopea sp. are previously unrecognized ecosystem engineers within mangrove habitats.
Materials and Methods
Field Population. The field study site on Long Key, Florida, USA (24.527 N,-80.814 W) was sheltered by red mangroves (Rhizophora mangle) and held a population of Cassiopea sp. at depths ranging from 0.5 to 2 m deep. The benthic habitat where Cassiopea sp. were most abundant consisted of very fine sediment, surrounded by seagrass (Thalassia and Syringopodium).
The population structure of a natural Cassiopea sp. population was quantified during December 2016, by setting two transects through the patch, 10 meters apart, parallel to one another in a roughly east-west orientation. Quadrats of 1 m 2 were sampled every 1.5 m on each transect to reduce investigator bias in selecting animals for measurement. Each quadrat was photographed from above, and the oral arm diameter (OAD) of each animal was D R A F T measured from these images by measuring the longest observable distance from one oral arm tip to another oral arm tip. During the summer of 2017, fifty animals were collected and imaged from above and from the side. The resting bell diameter (RBD, used for lateral imaging) was measured during the resting phase between bell contractions, and was correlated to the OAD, wet weight (WW), and dry weight (DW) by linear regression to allow conversion between measurements. Based on these parameters, populations of Cassiopea sp. at different densities were calculated.
Vertical Jet Imaging. To determine the volumetric flow rate of vertical water movement, the vertical jet must first be described quantitatively. Cassiopea sp. of various sizes were collected from the Keys Marine Laboratory on Long Key, Florida, USA during the month of December, 2016 and August, 2017, and transported in collected seawater back to the University of South Florida, in Tampa, Florida, where they were housed in a 300 liter closed loop aquarium system. The animals were kept in artificial seawater mixed to a salinity of 35 with Instant Ocean aquarium salt, over a substrate of aragonite sand and high intensity metal halide lighting on a 12:12 light cycle.
The imaging setup consisted of a 45 x 45 x 45 cm aquarium, filled with artificial seawater at 35 salinity. The water was seeded using 10 µm reflective hollow glass spheres for particle image velocimetry (PIV). An Edgertronic high-speed camera filming at 50 frames per second provided a field of view ca. 30 cm x 30 cm. Two 2-watt continuous wave DPSS lasers (wavelength = 520 nm), spread through cylindrical lenses to produce narrow light sheets, were staggered one above the other to illuminate a single coronal plane across the entire field of view. One jellyfish at a time (n = 9) was placed on the bottom in the center of the aquarium, such that the laser sheet crossed the center of the animal. After allowing it to settle for about 10 minutes, 30 seconds of video were recorded at 50 frames per second. At least five such image sequences were made, and the three with the most similar pulse rates were retained for analysis using the LaVision software package, producing a PIV time-average over the 30 seconds. PIV was processed with interrogation windows between 48 and 64 pixels, at 50% overlap.
A custom MATLAB script was used to identify and measure the vertical jet from this time average. The location of the jet was defined as the region where the vertical velocity was greater than 0.5 mm s -1 . This region was used to calculate the jet diameter. Due to the asymmetric meandering of the jet, volumetric flux was calculated by using a variant of the washer method. We integrate vertical velocity between the edges of the jet, using half-washers on each side of the position of maximum upward velocity ( fig. 1 ). Because of the high degree of irregularity in Cassiopea sp. jets, the three image sequences of each animal were combined to create a single representative jet by taking the median values for jet diameter, jet area, maximum and average Vz, and vertical volumetric flux (Q) at each height for use in further analysis.
This method produces an artificial tapering of the jet shape towards its highest end due to the fixed velocity threshold, since the maximum velocity of the jet approaches the minimum threshold as it slows with increasing height. To account for this, data above the height of the maximum measured jet diameter were excluded. In addition, the development region of a turbulent jet does not follow the same patterns as the fully developed region (39) . To take this into account, the lowest data points were excluded so that the data series always began at a local maximum in Vz.
For confirmation of the laboratory results, in-situ PIV was performed at the field site. A Nikon D750 DSLR at 50 frames per second camera in an underwater housing was lined up the bottom near an individual Cassiopea sp. with a green laser, spread through a cylindrical lens, also housed in a water-tight case. PIV analysis using the naturally-occurring particles was performed using DaVis, and the time-averaged velocities compared to those measured in the laboratory.
Quantitative Description of the Vertical Jet. Upward velocity (Vz) was expected to show an inverse relationship (39) with height (Z) relative to resting bell diameter (RBD) ( fig. S2 , eq. 10). In addition, the jet diameter (D j ) relative to RBD was hypothesized to increase linearly over this region (39) (fig.  S2 , eg. 11). Vertical volumetric flux (Q) was expected to increase linearly with height, due to entrainment of water into the turbulent jet, and increase linearly with animal size (39) . The resulting equation is a function of average velocity and jet diameter( fig. S2, eq. 12 ). These relationship were tested using the Nonlinear Regression tool in SPSS statistical software version 23.
To confirm that Cassiopea sp. in the field produce the same vertical jet as animals in a captive setting, in-situ PIV was performed on an animal at the Keys Marine lab, and the parameters of this jet were compared to those captured in the laboratory.
Weight-specific volumetric flow rates were calculated by calculating the expected flux of the animals used for morphological measurements, and then expressing this flux in terms of the wet and dry weights of those animals.
Interactions Between Multiple Animals. Because Cassiopea sp. are often found in dense aggregations, we determined the degree of interference between adjacent animals using the same PIV design. A single animal was placed in the filming vessel, and then surrounded by an increasing number of neighbors. The vertical velocity and diameter of the original animal's jet were calculated as before, allowing us to determine the degree of inhibition caused by the addition of neighbors. This was compared to the number of neighbors expected in wild populations, determined from the same transect photos used to determine average animal size and population density.
Turnover Time. The time needed for a Cassiopea sp. population to turn over the water column above it, where the jet reached the surface, was calculated by taking the volume of water above a 1 m 2 patch of a hypothetical Cassiopea sp. population and calculating the vertical volumetric flux for each animal in that population. The sum of the vertical flux rates (Q) of the animals in this hypothetical patch is divided by the volume of water, giving the turnover rate ( fig. S2 , eq. 13).
In Situ Flow Measurement. Flow velocities were measured around a population of Cassiopea sp. at Lido Key, Florida, (27. 303 N, -82.566 W) using an Nortek Vector Acoustic Doppler Velocimeter (ADV), facing downward, suspended over the benthos with a focal region 20-30 cm above the bottom, sampling at a rate of 8 Hz. We deployed the ADV over areas with high Cassiopea sp. density, as well as in similar adjacent regions without Cassiopea sp.. The resulting velocity vectors were filtered to remove any vectors with velocity of over 10 cm/s, which was determined to be above the range produced by both ambient flow and Cassiopea sp., according to our PIV data. This was done to remove signals from small fish that used the ADV mount as structure.
Interstitial Water Release Rates. We labeled play sand by mixing it with a solution of fluorescein in artificial seawater until the sand was uniformly damp. A layer of labeled sand 2.5-3 cm deep was added to the bottom of an 8 l plastic bucket in a larger water bath, and gently pressed down to smooth. Over this layer we added a layer of clean play sand mixed with seawater at a rate of 500 ml seawater to 2 l of dry sand. This unlabeled layer was ca. 1 cm thick, which delayed leaching of fluorescein into the water column by about 30 minutes. The bucket was then gently filled by pumping 4 liters of artificial seawater slowly over a petri dish to prevent disturbance of the sand layers. Immediately after filling we took samples of interstitial and column water. A Cassiopea sp. specimen 497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558   559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592 593 594
D R A F T
was then placed on the sand in the center of the bucket. For each experimental day, one trial was performed without a jellyfish to measure diffusion rates in the absence of animals. At two and three hours, additional water samples were taken and the absorbance at 494 nm compared to a dilution curve of the interstitial water sample taken at the start of each experiment. The fluorescein concentrations at each time were corrected by subtracting the measured concentrations of the starting water sample for the same trial, and the concentration of the control experiment at the same time point. These corrected values were then used to calculate the rate of interstitial water release into the water column.
